1 0 Rotaviruses (RV) cause acute severe diarrhea in the absence of substantial intestinal 1 1 inflammation. They are also highly infectious in their homologous host species. The 1 2
INTRODUCTION 3 7
Rotaviruses are non-enveloped segmented dsRNA viruses that cause severe 3 8 dehydrating diarrhea in many mammals and an estimated 200,000 human infant deaths 3 9
annually. Acute RV infection in a homologous host (i.e. the host species in which a 4 0 specific RV strain replicates to high titer and spreads from individual to individual) is an 4 1 extremely efficient process; severe diarrhea can be initiated by exposure to a very small 4 2 infectious inoculum 1 . The host innate interferon (IFN) response is a multi-pronged line of 4 3 defense against many viral pathogens as its induction can activate hundreds of different 4 4 antiviral genes and trigger inflammatory signals -thus eliminating infected cells, limiting 4 5 the spread of virus infection to uninfected bystander cells, and shaping both the 4 6 magnitude and quality of subsequent adaptive immune responses 2 . 4 7
All three major IFN types (α/β, γ, and λ) are induced during homologous RV 4 8 infection of the small bowel 3,4 , but their antiviral effects on viral replication are modest at 4 9 8 8 cytokines in mice infected with the heterologous simian RRV, homologous murine EW, 2 8 9 or mock-infected. As shown in Figure 5A , at 12 hpi the intestinal replication of 2 9 0 heterologous RRV was substantially and significantly lower than the homologous EW 2 9 1 RV. However, RRV infection triggered significantly higher transcription levels of the 2 9 2 ISG20, IFI203, and PELI1 genes as compared to EW RV (Fig. 5A ). In addition, 2 9 3 heterologous RV infection also resulted in significantly elevated intestinal protein levels 2 9 4 of IFN-β and the IFN-stimulated pro-inflammatory cytokines IP10 and RANTES when 2 9 5 compared to homologous RV (Fig. 5B ). The expression of type III IFN (IL28) was also 2 9 6 elevated in RRV-infected pups compared to either the EW RV or mock groups. 2 9 7
Analysis of intestines collected from EW and RRV infected mice at 1 dpi by 2 9 8 immunoblotting showed that compared to either mock or EW infection, RRV induces 2 9 9 significant phosphorylation of STAT1 at Y701 (Fig. 5C ), which is a convergent signaling 3 0 0 response to different types of IFNs in the intestinal epithelium 15 . Collectively, these 3 0 1 findings are consistent with the conclusion that, in contrast to homologous murine RV, 3 0 2 heterologous simian RV strongly activates IFN-dependent STAT1 and pro-inflammatory 3 0 3 responses in the small bowel. regulated cell death to potentiate inflammation 26, 27 . Differences between EW and RRV 3 0 8 strains in their ability to regulate pSTAT1 and cytokine expression prompted us to 3 0 9 examine the status of intestinal caspases following infection of suckling mice with these 3 1 0 two RV strains. Using immunoblotting analysis, the cleavage status of the initiator 3 1 1 caspases 8 and 9, and the executioner caspase 3, were examined in the small 3 1 2 intestines of WT and STAT1 -/mice infected with either EW or RRV RV (Fig. 6A ). WT 3 1 3 mice infected with RRV RV for 24 h undergo substantially higher levels of cleavage of 3 1 4 caspases 8, 9, and 3 when compared to their mock-infected or EW RV counterparts 3 1 5 ( Fig. 6A-B ), indicating that activation of both extrinsic and intrinsic intestinal apoptotic 3 1 6 pathways is induced by heterologous RRV more efficiently than the homologous murine 3 1 7 EW strain. 3 1 8
Of note, the enhanced cleavage of caspases during RRV infection was 3 1 9 dependent on the intestinal IFN response. Specifically, we found that differences in 3 2 0 caspase 8, 9, and 3 cleavage between mock and RRV infected WT pups were 3 2 1 abrogated following infection in STAT1 knockout mice ( Fig. 6A-B ). The cleavage of 3 2 2 caspases during EW RV infection was also STAT1-mediated. However, EW RV-3 2 3 infected STAT1 -/mice demonstrated cleaved caspases 8, 9, and 3 at levels much lower 3 2 4 than in mock-infected controls or RRV infected mice ( Fig. 6A and 6B ), indicating that the 3 2 5 basal cleavage efficiency of multiple caspases (i.e. occurring in the absence of 3 2 6 infection) was impaired by homologous EW but not heterologous RRV RV. 3 2 7 Impaired caspase 8 cleavage can spontaneously induce acute intestinal 3 2 8 inflammation through necroptosis, resulting in the secretion of the pro-inflammatory 3 2 9 factor IL1α 28 . Therefore, we examined IL1α expression in the small intestine during EW 3 3 0 and RRV infection ( Fig. 6C ). While the intestinal level of IL1α was no different between 3 3 1 mock-and EW RV-infected suckling mice at 1 dpi, it was significantly elevated after 3 3 2 infection with RRV RV 29 (Fig. 6C ). A similar difference was also observed for IL6, 3 3 3 another common marker of intestinal inflammation 30 (Fig. 6C ). Thus, although murine 3 3 4 EW RV inhibits caspase 8 cleavage when compared to simian RRV, it avoids inducing 3 3 5 the pro-inflammatory cytokines IL1α or IL6 by a yet unknown mechanism. Collectively, 3 3 6 these data identify an unrecognized role for STAT1 in mediating the cleavage of 3 heterologous simian RRV strain can be significantly enhanced in suckling mice lacking 3 4 9 IFNAR1, IFNGR1, and/or IFNLR1 receptors, or the convergent downstream 3 5 0 transcription factor STAT1 3 . In the absence of STAT1, infection of suckling mice with the 3 5 1 normally restricted RRV strain causes severe inflammation (mostly in the biliary tract), 3 5 2 systemic spread, and mortality 8 . In contrast, replication of a homologous murine EW RV 3 5 3 strain is quite resistant to IFNs 8 , and mice infected with EW RV are subsequently 3 5 4 protected from lethal endotoxemia 15 , which is STAT1-mediated 24 . Paradoxically, EW RV 3 5 5 robustly induces all three major IFN types 3,4 , raising the possibility that subsequent 3 5 6 IFNR-directed antiviral and inflammatory signaling pathways are effectively blocked 3 5 7 during homologous infection. 3 5 8
How homologous RV successfully inhibits the ability of intestinal IFNs to mediate 3 5 9 antiviral and inflammatory effects is not yet well understood and was therefore 3 6 0 examined in this study. We found that between 12-72 hpi, mice infected with murine EW 3 6 1 RV exhibit sustained viral replication and increased transcription of the primary (i.e. 3 6 2 induced prior to IFN amplification) murine type I IFN gene (IFNA4, Fig. 3A 
However, transcriptional induction of the IFNL2/3, MX2, IFNG, RSAD2, IFIT2, and 3 6 4 CXCL10 ( Fig. 3A ) genes in response to ongoing EW RV replication was considerably 3 6 5 diminished by 72 hpi. Together, these data suggest that although ongoing EW RV 3 6 6 replication triggers intestinal IFN induction signaling pathways, it progressively restricts 3 6 7
intestinal IFN amplification responses. This conclusion is further supported by our 3 6 8 finding that suckling mice infected with EW RV for 72 h are protected from severe small 3 6 9
intestinal injury that normally occurs following systemic LPS exposure ( Fig. 3B ). This 3 7 0 injury was reported to be driven primarily by STAT1 signaling in the mouse model of 3 7 1 endotoxemia 24 . Using an alternate approach, we established that suckling mice infected 3 7 2 with the STAT1-sensitive 3 simian RRV strain exhibit significantly higher levels of 3 7 3
intestinal ISG transcriptional induction ( Fig. 5A ), IFN-β protein expression ( Fig. 5B) , and 3 7 4 STAT1-pY701 expression ( Fig. 5C ) compared to the homologous murine EW RV strain. 3 7 5
In addition, expression of the IFN-stimulated pro-inflammatory cytokines IP10 31,32 and 3 7 6
RANTES 32-34 are also higher in the intestines of heterologous simian RRV-infected mice 3 7 7 ( Fig. 5B ). Collectively, these data support the conclusion that infection with homologous 3 7 8 RV in vivo results in an inhibition of both IFN-mediated antiviral and inflammatory 3 7 9 functions in the small intestine. cleavage levels being similar to the mock-infected control pups ( Fig. 6A-B ). In contrast, 3 8 7 infection with RRV triggered the cleavage of all three caspases in the small intestine, 3 8 8
indicating that both extrinsic and intrinsic apoptosis pathways are induced by the 3 8 9
heterologous RRV despite its restricted replication capacity. Interestingly, activation of 3 9 0 different caspases by RRV was contingent on the presence of STAT1, as differences in 3 9 1 cleaved caspase 8, 9, and 3 expression between RRV and mock animals were 3 9 2 eliminated in a STAT1 deficient background ( Fig. 6A-B ). The genetic KO of STAT1 in 3 9 3 suckling mice infected with EW RV resulted in cleaved caspase levels lower than those 3 9 4 in uninfected mock controls ( Fig 6B) . This was particularly evident for cleaved caspase 3 9 5 8 and 3 expression in the EW RV infected STAT1 -/mice that were at or below the limit 3 9 6 of detection ( Fig. 6A and B) . A likely explanation for these findings is that during the Interestingly, inhibition of caspase 8 cleavage has been reported to induce 4 0 0 spontaneous intestinal inflammation, primarily via necroptosis 28 . However, expression of 4 0 1 IL-1α -a member of the IL-1 family that is released from necroptotic cells 39 , and of the 4 0 2 pro-inflammatory cytokine IL-6, were not detected in EW RV (or mock infected control) 4 0 3 pup intestines, but were significantly induced by RRV RV (Fig. 6C) . Future studies will 4 0 4 be required to understand how homologous RV inhibits the cleavage of intestinal 4 0 5 caspases yet avoids causing intestinal inflammation. These findings nevertheless reveal 4 0 6 a STAT1-dependent intestinal caspase activation pathway that is likely regulated by 4 0 7 homologous RV to control inflammation. 4 0 8
Findings in this and earlier reports 3, 4, 8, 9, 15 indicate that mechanisms by which RV 4 0 9
regulates STAT1 signaling are likely critical determinants of rotaviral pathogenicity in 4 1 0 vivo. We found earlier that several RVs (porcine, bovine, and simian RV strains) 4 1 1 mediate the lysosomal degradation of multiple IFN receptor subunits (i.e. IFNAR1, 4 1 2 IFNGR1, and IFNLR1) in RV VP6+ (i.e. infected) cells, whereas RV VP6-(i.e. 4 1 3 bystander) cells expressed normal levels of the IFN receptors 15 . Remarkably, a porcine 4 1 4 RV strain (SB1-A) was shown to also efficiently inhibit IFN-directed STAT1-Y701 4 1 5 phosphorylation in uninfected (i.e. VP6-) bystander cells 14 , indicating the existence of an 4 1 6 alternative STAT1 inhibitory mechanism that operates beyond the virus-infected cell. In 4 1 7 this study, we extended these findings and found that the simian RRV strain can also 4 1 8 block IFN-β mediated STAT1-pY701 induction in both VP6-positive and -negative HT-29 4 1 9 cell populations ( Fig. 1A-B ). In addition, RRV infection prevented IFNβ-directed 4 2 0 induction of the IRF7 protein in both infected and bystander cells (Fig. 1C ). Together 4 2 1 with our previous observation that both simian and porcine RV strains can mediate 4 2 2 IFNR degradation 15 , these findings suggest that RV strategies to inhibit STAT1 signaling 4 2 3 in infected and bystander cells are conserved across multiple strains that differ in the 4 2 4 manner in which they regulate the IFN induction phase 17 . 4 2 5
Findings of this study also revealed a potential mechanism by which RV confers 4 2 6 resistance to ectopic IFN stimulation to uninfected bystander cells 14 . Specifically, under 4 2 7 infection conditions in vitro where only ~30% HT-29 cells were RRV VP6+, ectopic 4 2 8 stimulation with IFN-I failed to evoke significant cellular transcriptional responses ( Fig.  4  2  9 2). This inhibitory effect of RRV specifically targeted IFN signaling, as several of these 4 3 0 measured transcripts could be efficiently induced during RRV infection by intracellular 4 3 1 dsRNA stimulation ( Fig. 2A ). In addition, ectopic IFNAR1 stimulation during RRV 4 3 2 infection also resulted in a significant decline of certain innate immune transcripts 4 3 3 induced in response to RV ( Fig. 2A) . These collective findings not only demonstrate that 4 3 4 RV infection can block IFNR-directed feedforward transcription but also suggest that RV 4 3 5 represses transcription following ectopic IFN stimulation, which is characteristic of an 4 3 6 IFNR-directed negative feedback transcription mode 2 . 4 3 7
The interesting possibility of negative feedback transcription effects is also 4 3 8 supported from our studies in suckling mice which we previously showed that 4 3 9 exogenous IFN I or II induced STAT1-Y701 in the small intestine with rapid kinetics (i.e. 4 4 0 30 min) when administered intra-peritoneally 15 Ectopic stimulation of IFNGR1 and IFNAR1 has been reported to elicit negative 4 4 9 feedback signaling leading to IFN-resistance in the context of cancer and chronic viral 4 5 0 infections 2,40 . The ability of homologous RV to elicit IFNAR1-and IFNGR1-stimulated 4 5 1 feedback signaling suggests a potential mechanism underlying the ability of EW RV-4 5 2 infected mice to resist lethal endotoxemia 15 and the accompanying intestinal damage 4 5 3 ( Fig. 3C ). It will be interesting to identify the RV-mediated effectors involved in the broad 4 5 4 suppression of multiple intestinal IFNR-dependent antiviral and inflammatory functions. 4 5 5
As both type I and III IFNs were found to exert a profound antiviral activity against 4 5 6
heterologous RV 3 , one possibility is that the endogenous induction of these IFNs during were sacrificed and small intestines analyzed for immunoblotting analysis. 5 1 2
Densitometric quantitation of pSTAT1 bands is shown in the bar diagram at the right. 5 1 3 (*p<0.02, **p<0.002, ***p<0.0002). 
